Abstract. The present study investigated the mechanism underlying Toll-like receptor 4 (TLR4)-mediated stimulation of hypoxia-inducible factor-1α (HIF-1α) activity and its association with reactive oxygen species (ROS) in cervical cancer cells. SiHa cells were cultured and randomized to control, lipopolysaccharide (LPS), methyl-β-cyclodextrin (MβCD)+LPS, ammonium pyrrolidinedithiocarbamate (PDTC)+LPS, ST2825+LPS and small interfering (si) RNA TLR4+LPS treatment groups. Cell proliferation was quantified using an MTT assay, cell cloning was performed using soft agar colony formation and HIF-1α expression was detected by immunocytochemical staining and western blot analyses. Dichloro-dihydro-fluorescein diacetate and lucigenin luminescence assays were used to detect alterations in ROS and nicotinamide-adenine dinucleotide phosphate (NADPH) oxidase content, respectively. Co-localization of TLR4 and HIF-1α was detected by immunofluorescence staining and observed using fluorescence microscopy. Compared with the control group, cell proliferation was enhanced in the LPS-treated group and was not altered in the PDTC+LPS treatment group. Cell proliferation was reduced in all other treatment groups (P<0.05). Compared with the LPS group, cell proliferation decreased in all other groups. Compared with the PDTC+LPS treatment group, cell proliferation significantly decreased when LPS was co-administered with ST2825, siTLR4 and MβCD (P<0.01). Treatment with MβCD+LPS exhibited an increased inhibitory effect on cell activity and proliferation.
Introduction
Cervical cancer is a common type of reproductive tumor with an incidence of ~50 million cases annually, 80% of which occur in developing countries. Cervical cancer is increasing in prevalence and the age of onset is decreasing (1) . Therefore, understanding the initiation and progression of cervical cancer is required for prevention and the development of novel therapies. TLRs (Toll-like receptors) are pattern recognition receptors that regulate infection by identifying conserved molecules of pathogenic microorganisms. Previous studies indicated that TLRs are expressed on immune cells, in addition to normal epithelial cells and a number of tumor cells (2, 3) . TLRs contribute to mucosal immunity, and tumor initiation and development (4, 5) . TLR4 is a pattern recognition receptor that is able to recognize exogenous ligands, including lipopolysaccharide (LPS), present in gram negative bacteria cell walls, and is associated with tumor growth and inflammation, as other members of the same family (6) .
TLR4 promotes the expression of HIF-1α by triggering reactive oxygen species in cervical cancer cells in vitro-implications for therapeutic intervention
The cervix is exposed to bacterial flora from the normal vaginal environment which, along with vaginal pathogens, stimulates cervical epithelial cells repeatedly during infection. Studies have indicated that the inflammatory response may directly regulate cell deterioration and contribute to the formation of a tumor microenvironment, indirectly modulating tumor initiation and development (7, 8) . Pro-inflammatory cytokines and endogenous TLR ligands produced by tissues may activate the TLR pathway in tumor cells and promote tumor cell development, immune escape and apoptotic resistance (9, 10) . A study suggested that TLR4 may be upregulated in cervical cancer cells compared with other TLRs (11) and that the expression of TLR4 increased markedly following simulation of cervical cancer cells with LPS. Therefore, downregulation of TLR4 may induce apoptosis in cervical cancer SiHa cells (12) . TLR4 may be associated with the initiation and development of cervical cancer. An additional study demonstrated that TLR4 initiated cell activation to induce inflammation and tumors via MyD88-and nuclear factor κB (NF-κB)-associated signaling pathways, and that the activation of NF-κB may be involved in the initiation and development of cancer (13) . In addition, when pathogen-associated molecular patterns bind to TLR4, activation of the TLR4 signaling pathway is modulated by mobile microdomains of membrane lipids known as lipid rafts (14) . The above study indicated an interaction between lipid rafts and the TLR4 signaling pathway, and suggested that lipid rafts may serve a role in the initiation of the TLR4 signaling pathway.
Hypoxia inducible factor 1 (HIF-1) is a transcription factor involved in cell adaptive adjustment under hypoxia. HIF-1 is composed of HIF-1α and -1β subunits, and HIF-1α maintains the stability of HIF-1 expression, which affects energy metabolism, proliferation and apoptosis in tumor cells. HIF-1 additionally promotes tumor angiogenesis, increases tumor invasiveness, and increases resistance to radiotherapy and chemotherapy through its involvement in the transcriptional regulation of a number of target genes (15) . Previous studies have demonstrated that the uncontrolled growth of cervical cancer cells may be associated with excessive activation of HIF-1α and, therefore, HIF-1α may be associated with cancer control mechanisms (16, 17) . HIF-1 may mediate activation of telomerases in cervical cancer cells to promote cancer progression (18) . Studies have indicated that HIF-1α can not only promote tumor growth, but also enhance tumor cell invasion (19, 20) . In one study, silencing HIF-1α using small interfering (si)RNA in cervical cancer cells downregulated the expression of solute carrier family 2 member 1 and hexokinase 2, and reduced the glycolytic activity of tumors, promoting apoptosis and tumor cell growth inhibition (21) .
The accumulation of HIF-1 induced by bacterial LPS in immune cells, including macrophages and monocytes, is TLR4-dependent (22) . TLR4 expression was positively associated with HIF-1α expression in cervical cancer cells and, therefore, the TLR4 signaling pathway may be involved in maintaining elevated HIF-1α activity to promote cervical cancer development, although the mechanism underlying these observations remains to be elucidated (23) . In the present study, HIF-1α expression markedly increased in cervical cancer tissues in the presence of reactive oxygen species (ROS), and the increased ROS was derived from intracellular reduced nicotinamide-adenine dinucleotide phosphate (NADPH) oxidase, which caused the elevated intracellular HIF-1α activity associated with cervical cell malignancy (24) . The above observations may contribute to the recurrence of cancer following treatment for cervical cancer, and previous studies indicated that the activation of cervical epithelial membrane lipid rafts increased the transfer of NADPH oxidase subunits to lipid rafts, resulting in excessive activation of NADPH oxidase and increased intracellular ROS levels (25, 26) . Therefore, TLR4 may promote increased HIF-1α activity in cervical cancer cells due to lipid raft-mediated activation of the NADPH oxidase pathway.
To study the TLR4-mediated elevated activity of HIF-1α, different pathways in cervical cells were selectively inhibited using ST2825, pyrrolidine dithiocarbamate (PDTC) and methy1-β-cyclodextrin (MβCD). ST2825 is a specific inhibitor of myeloid differentiation factor 88 (MyD88), which inhibits the dimerization of MyD88, and prevents the activation and transduction of the TLR signal, thereby inhibiting the TLR signaling pathway (27) . PDTC is an inhibitor of the NF-κB signaling pathway, preventing degradation of the inhibitor of NF-κB subunit α (IκB), activation of NF-κB and translocation of NF-κB to the nucleus (28) . MβCD has a strong affinity for cholesterol, and is able to remove it from cells, and dysregulate lipid raft integrity and function (29) .
The mechanisms underlying the TLR4-mediated activation of HIF-1α via lipid rafts and redox events remain to be elucidated. Therefore, the present study aimed to elucidate these mechanisms and alterations in NADPH oxidase activity in response to the activation of TLR4 signaling. In the present study ROS levels in cervical cancer cells were measured following deregulation of the TLR4 signaling pathway and lipid raft function. Treatment groups. SiHa cells were randomized into 6 groups: i) The untreated control group was normally cultured without treatment or stimulation; ii) the LPS control group was treated with 500 ng/ml LPS for 24, 48 or 72 h; iii) lipid raft intervention, termed the MβCD+LPS group was treated with MβCD [5 mmol/l; dilution with MEM] and pre-incubated for 1 h prior to adding 500 ng/ml LPS; iv) the ST2825+LPS group was treated with ST2825 (5 mmol/l; dilution with MEM) and pre-incubated for 1 h prior to adding 500 ng/ml LPS; v) the siTLR4+LPS group was transfected with TLR4 siRNA using HiPerFect transfection reagent (when cells reached 50% confluency, transfection was confirmed and 500 ng/ml LPS was added; and vi) the NF-κB signal pathway intervention group, termed the PDTC+LPS group, was treated with 20 mmol/l PDTC for 1 h prior to the administration of 500 ng/ml LPS. SiHa cells in the logarithmic growth phase were used in all experiments.
Materials and methods

Materials
MTT assay. Cells (1x10 4 ) were plated into 96-well culture plates with 100 µl MEM and each group was allocated 5 wells. During the logarithmic growth phase, treatments were added to each group and culture was continued for 1-4 days. Following growth of adherent cells, 10 µl MTT (10 mg/ml) was added at 0, 24, 48 and 72 h. After adding MTT, cells continued to be cultured for another 4 h and then MTT activity was measured. Dimethyl sulfoxide (DMSO; 200 µl) was added to each well following removal of the cell culture medium. Blank wells were used for zero adjustment following agitation of the plates for 10 min. Optical density (OD) values were measured for all groups at a wavelength of 570 nm, using a microplate reader. Experiments were repeated 3 times. Cell growth inhibition curves were constructed; incubation time was plotted on the x-axis and OD values were plotted on the y-axis.
Soft agar colony forming experiment. Modified Thayer Martin (MTM) culture medium (6 ml) was combined with an equal volume of 1% low melting agarose. A 0.6% bottom agar was prepared, and 4 ml was spread over each 60 mm diameter plate and incubated at 4˚C for 10 min. Following coagulation of the bottom agar, the MTM-agarose mixture and 1,000 cells/ml single cell suspensions in each group after treatments were rapidly and thoroughly mixed, and 1 ml mixture was spread on the bottom agar. Following solidification at room temperature, culture was continued for 14 days in a 37˚C incubator with 5% CO 2 . Cell growth was subsequently observed and colony forming cells in each culture dish were counted. Each visible cell cluster (>500 cells) was counted as one colony.
Verification of HIF-1α expression via immunocytochemistry.
Cells were treated as previously described. PBS was used instead of the primary antibody as a negative control. Following treatments, cells were washed with 0.01 mol/l PBS three times, fixed with 4% paraformaldehyde at room temperature for 10 min, and washed three times with 0.01 mol/l PBS. Cells were treated with 3% H 2 O 2 for 20 min and blocked with 10% blocking serum (AR0009; Boster Biological Technology, Pleasanton, CA, USA) for 30 min at room temperature. Subsequently, rabbit anti-human HIF-1α antibody (1:200) was added and cells were incubated at 4˚C overnight. Following washing with PBS three times, HRP-labeled goat anti-rabbit antibody (1:300) was added and the plate was incubated at 37˚C for 1 h. The plates were stained using the immunohistochemistry DAB kit and observed under a fluorescence microscope with magnification x200.
Western blot analysis of HIF-1α expression. Cells were grouped and treated as described above and were harvested for protein extraction using a RIPA lysis solution (Beyotime Institute of Biotechnology), quantified using the bicinchoninic acid method, separated by 8% SDS-PAGE and transferred to polyvinylidene fluoride membranes. The mass of protein loaded per lane was 30 µg. Membranes were blocked with 5% skimmed milk for 1 h at room temperature. Rabbit polyclonal anti-HIF-1α (1:1,000) and anti-β-actin (1:1,000) were added and incubated at 4˚C overnight. Subsequently, HRP-labeled goat anti-rabbit IgG (1:300) was added and membranes were incubated at 37˚C for 1 h. The results were observed by an Odyssey infrared imaging system (LI-COR). Target protein expression was quantified by image J (k 1.45; National Institutes of Health, Bethesda, MD, USA) as gray values of the target protein/β-actin protein. The experiment was repeated three times.
ROS measurement with dichloro-dihydro-fluorescein diacetate (DCFH-DA)
. ROS levels were measured using an intracellular peroxide-sensitive fluorescent DCFH-DA probe. SiHa cells were seeded on 96-well plates with 100 µl culture medium, and cells were treated as described. ROS was measured at 0, 12, 24, 36 and 48 h. Inoculated cells were washed twice with Earle's Balanced Salt Solution (Thermo Fisher scientific, Inc.) and incubated with 25 µM DCFH-DA probe at 37˚C for 30 min, and washed twice with Earle's Balanced Salt Solution. Fluorescence intensity was immediately measured at a wavelength of (excitation, 485 nm; emission, 520 nm) using a spectrofluorometer (FLUOstar Optima Microplate Reader; BMG Labtech GmbH, Ortenberg, Germany).
NADPH oxidase activity. SiHa cells were seeded on 96-well plates with 100 µl MEM and treated as described above. In each group NADPH was assayed at 0, 12, 24, 36 and 48 h following treatments as described in the section ʻTreatment groupsʼ. At each time point, cells were collected using 4˚C cold fresh PBS using a cell scraper. The cell suspension was centrifuged at 2,500 x g at 4˚C for 5 min. Cells were harvested for protein extraction using a RIPA lysis solution (Beyotime Institute of Biotechnology) and then were taken for protein quantification as described. Subsequently, 50 µl cellular protein, 5 µl DMSO, 5 µmol/l lucigenin and 50 mm/l Tiron (172553; Sigma-Aldrich; Merck KGaA) were added to 96-well plates in the dark. A total of 100 mol/l NADPH was added to initiate the reaction. NADPH oxidase activity was measured using a chemiluminescence detector and expressed as relative light units/mg protein.
Cell immunofluorescence staining. Cells were treated as described and plated on 5x5 mm slides in 35 mm diameter culture dishes. When integration reached 60% confluency, the medium was removed by suction, and slides were washed with PBS and fixed with 1 ml 4% polyformaldehyde for 20 min in the room temperature. Cells were treated with 0.5% TritonX-100 for 20 min and blocked with 5% FBS at room temperature for 60 min. Rabbit anti human HIF-1α (1:100) and mouse anti-human TLR4 (1:100) monoclonal antibodies were added and incubated overnight at 4˚C. The following day, DyLight 594-labeled goat anti-mouse IgG (1:40) and DyLight 488-labeled goat anti-rabbit IgG (1:30) were added and the slides were incubated at 37˚C for 2 h. Nuclei were stained with DAPI (C1002; Beyotime Institute of Biotechnology). Quenching was achieved using an anti-fluorescence quenching agent and a fluorescent microscope (magnification, x200) was used to observe and capture images.
Statistical analysis. Data were analyzed using SPSS software (version 13.0; SPSS, Inc., Chicago, IL, USA). Data are presented as the mean ± standard deviation for the indicated replicates (N=3 for each experiment) and P<0.05 was considered to indicate a statistically significant difference. Comparisons of two sample means were performed using a 2-sample Student's t-test. Differences among three or more groups were evaluated using one-way analysis of variance, followed by LSD post hoc test.
Results
Cell growth. An MTT assay was used to measure cell growth (Fig. 1) . Cell growth increased in the LPS group compared with the control group (P<0.01), although no significant difference was observed between the LPS+PDTC and control groups. Cell growth decreased in all other treatment other groups compared with the control group (all P<0.01). Compared with the LPS group, cell activity was reduced in the PDTC+LPS group (P<0.05), and the ST2825+LPS, siTLR4+LPS and MβCD+LPS groups (all P<0.01). Cell growth increased in the PDTC+LPS group compared with the ST2825+LPS, siTLR4+LPS and MβCD+LPS groups (all P<0.01). Cell growth inhibition was time-dependent, as all significant differences were observed 4 days following treatment. LPS stimulated cervical cancer cell growth. This growth was reduced following inhibition of TLR4 and MyD88 signaling, and reduced lipid raft functionality. Inhibition of NF-κB signaling additionally reduced SiHa cell growth compared with the LPS group, although this inhibition was decreased compared with the effect included by inhibition of TLR4 and MyD88 signaling, and reduced lipid raft functionality.
Colony forming experiment. Colony formation was assessed in SiHa cells in soft agar following 2 weeks of culture. Visible cell clusters (>500 cells) were counted as standard colonies. Images of colonies are presented in Fig. 2A . The LPS group produced the most colonies (Fig. 2B) . Compared with controls, treatment with LPS significantly promoted cell growth (P<0.01), while LPS+ST2825, siTLR4 and MβCD inhibited cell growth. Compared with the LPS group, PDTC+LPS (P<0.05) and LPS co-administered with ST2825, siTLR4 and MβCD (all P<0.01) inhibited colony formation. Compared with the PDTC+LPS group, colony numbers decreased following treatment with ST2825+LPS (P<0.05) and LPS co-treatment with siTLR4 and MβCD (P<0.01). Therefore, LPS stimulated cervical cancer cell growth. Inhibition of TLR4, MyD88, and NF-κB signaling and lipid raft functionality inhibited growth of cervical cancer cells treated with LPS. However, inhibition of TLR4 and MyD88 signaling, and disruption of lipid raft functionality, demonstrated more significant effects compared with inhibition of NF-κB.
Western blot analysis of HIF-1α expression. HIF-1α expression was assayed in SiHa cells for 24 h and immunohistochemical data were collected (Fig. 3A) . Western blotting images are presented in Fig. 3B . Compared with the control group, HIF-1α expression increased following treatment with LPS (P<0.01) and decreased when LPS was co-administered with ST2825 (P<0.05), siTLR4 and MβCD (both P<0.01). Compared with the LPS treatment, HIF-1α expression decreased when LPS was administered following pre-treatment with PDTC (P<0.05), ST2825, siTLR4 and MβCD (P<0.01). HIF-1α expression was lowest in the MβCD+LPS group. Compared with the PDTC+LPS treatment group, HIF-1α expression decreased in the LPS+ST2825 (P<0.05), siTLR4 and MβCD (both P<0.01) treatment groups. Therefore, the above data suggested that the stimulation of TLR4 signaling induced the expression of HIF-1α and the inhibition of TLR4 and MyD88 signaling, and disruption of lipid raft functionality inhibited HIF-1α expression. Inhibition of the NF-κB signaling pathway decreased HIF-1α expression, although not to the same extent as inhibition of TLR4 and MyD88 signaling and lipid raft disruption.
Lucigenin luminescent assay for NADPH oxidase activity.
NADPH oxidase activity was determined in SiHa cells, treated as previously described, at 0, 12, 24, 36, and 48 h (Fig. 4) . NADPH oxidase activity increased over time in all groups. Compared with the control group, treatment with LPS and PDTC+LPS enhanced NADPH oxidase activity at 24 h (P<0.05). NADPH oxidase activity decreased when LPS was administered with ST2825, siTLR4 and MβCD. Compared with the LPS groups, NADPH oxidase activity decreased when LPS was co-administered with ST2825, siTLR4 and MβCD, although no significant difference was observed in the PDTC+LPS group. Compared with the PDTC+LPS group, NADPH oxidase activity in LPS+ST2825, siTLR4 and MβCD decreased. Therefore, stimulation of TLR4 signaling increased NADPH oxidase activity and inhibition of lipid raft functionality, and TLR4 and MyD88 signaling inhibited NADPH oxidase activity. However, inhibition of NF-κB signaling activation did not alter NADPH oxidase activity, compared with the levels observed in the LPS group.
DCFH-DA detection of ROS activity. ROS activity alterations
in SiHa cells treated with various interventions were assayed using a DCFH-DA probe, following 0, 12, 24, 36, and 48 h of treatment (Fig. 5) . ROS content in the MβCD+LPS group decreased over time and there was an initial decrease followed by a gradual increase in the siTLR4+LPS group. ROS in the remaining groups increased over time. Compared with the control group, ROS expression was enhanced following treatment with LPS and PDTC+LPS, and was decreased when LPS was administered following pretreatment with ST2825, siTLR4 and MβCD (all P<0.05). Compared with the LPS group, ROS activity decreased in the LPS+ST2825, siTLR4 and MβCD groups, and was not significantly different compared with the PDTC+LPS treatment. Compared with the PDTC+LPS treatment, ROS in SiHa cells decreased in the LPS+ST2825, siTLR4 and MβCD groups (all P<0.01). Therefore, stimulation of TLR4 signaling promoted the generation of ROS in cervical cancer cells, and the inhibition of lipid raft functionality, and the TLR4 and MyD88 signaling pathways, inhibited ROS production. Inhibition of NF-κB signaling exerted no significant effect on intracellular ROS levels compared with the LPS group.
Fluorescence microscopy detection of the co-localization of TLR4 and HIF-1α. TLR4 and HIF-1α were detected by immunofluoresce following treatment as described in the Treatment groups for 24 h. Localization of TLR4 and HIF-1α in cells was investigated using fluorescent microscopy, and TLR4 and HIF-1α were labeled using immunofluorescent staining (Fig. 6) . HIF-1α expression was labeled in green and TLR4 expression was labeled in red. TLR4 localized to the cell surface but HIF-1α primarily localized to the cytoplasm. TLR4 was co-localized with HIF-1α in cervical cancer cells.
Discussion
The TLR4 receptor is expressed on the surface of a number of immune cells and serves a role in innate immunity against bacterial infection. The activation of TLR4 signaling leads to secretion of cytokines and regulate adaptive immune responses. TLR4 is expressed on multiple tumor cell surfaces, including in lung, breast and cervical cancer (11, 30, 31) . Activation of TLR4 signaling on tumor surfaces may promote proliferation and inhibit apoptosis in tumor cells and, unlike activation on immune cell surfaces, this may promote tumor growth (32) (33) (34) . A previous study indicated that the elevated expression of TLR4 in cervical cancer cells was positively associated with increased HIF-1α activity and this is implicated in cervical cancer growth (23) .
HIF-1α is a marker of malignant prognosis and excessive activation of HIF-1α promotes the growth, invasion and metastasis of tumor cells, and induces tumor cell resistance to radiotherapy and chemotherapy (35) . Excessive activation of HIF-1α is associated with inhibition of prolyl hydroxylase enzyme (PHD) activity, which indicates that ROS may inhibit PHDs, and prevent the degradation and enhance the stability of HIF-1α (36) . A previous study demonstrated that increased levels of ROS maintain elevated HIF-1α activity in cervical cancer cells during hypoxia (26) . However, the role of elevated expression of HIF-1α in non-hypoxic areas of cervical cancer remains to be elucidated.
TLR4 signaling balances the activation of NF-κB signaling, which inhibits HIF-1α degradation to maintain its activity (37-39) . The present study and previous studies demonstrated that activation of the TLR4 signaling pathway is associated with lipid rafts (14, 26) , which are microdomains located within the cell membrane that are rich in cholesterol, sphingolipids and the liquid ordered phase of receptors. Lipid rafts are dynamic functional platforms through which external signals are transmitted via receptors to the cells (40) . Lipid rafts provide activation and transduction platform for the initiation of the TLR4 signaling pathway, which may not be activated when expression of proteins such as (such as CD14) that form the lipid structure or fluidity is inhibited. Lipid rafts are not only enriched with sphingolipids and cholesterol that float within the phospholipid bilayer cell membrane but also contain many signaling proteins. These rafts can serve as platforms for the formation of multicomponent complexes. Many transmembrane receptors are recruited into lipid raft upon stimulation and resulting in downstream signaling (41) . Therefore, a TLR4 signaling effect is more apparent following stimulation of lipid raft function (42) . LPS binds to the complex of CD14 and lipopolysaccharide binding protein (LBP), forming a LPS-LBP-mCD14 complex that can activate the TLR4-MD2-MyD88 recognition complex or the TLR4-TRAM-TRIF complex on target cells. Then the complexes can activate NF-κB or the interferon regulatory factor 3 pathway to cause secretion of tumor necrosis factor-α, interleukin-2 (IL-2), IL-6, and interferon-γ (23). In addition, lipid rafts aid in promoting and maintaining ROS levels derived from NADPH oxidase in cells (43) . ROS levels generated by NADPH oxidase decrease following lipid raft damage, and aggregation of lipid rafts on cell membranes may modify NADPH oxidase subunits, causing activation of NADPH oxidase and an increase in intracellular ROS levels (44) (45) (46) . However, the mechanism underlying the lipid raft-mediated contribution to cervical cancer development, by maintaining increased HIF-1α activity mediated by TLR4, remains to be elucidated.
Therefore, the authors of the present study hypothesized that TLR4 combined with its ligands may trigger the molecular flow of lipid rafts and induce alterations in their spatial configuration. Conformational alterations could provide conditions for the aggregation of NADPH oxidase subunits to the lipid rafts and then activating redox signals, inhibiting HIF-1α degradation and increasing its expression.
The present study investigated the proliferation and cloning of SiHa cells, and alterations in ROS levels, NADPH oxidase activity and HIF-1α expression following inhibition or activation of TLR4, MyD88 and NF-κB signaling, and inhibition of lipid raft functionality. Compared with the control group, LPS stimulated TLR4 signaling which promoted cervical cancer cell growth and increased HIF-1α expression, NADPH oxidase activity and ROS content. Silencing of TLR4 expression using siTLR4 inhibited the growth of cervical cancer cells and reduced HIF-1α expression, NADPH oxidase activity and ROS content. Therefore, TLR4 may be hypothesized to be associated with cervical cancer initiation, and the development and maintenance of elevated HIF-1α expression in cervical cancer cells. The underlying mechanism may be associated with ROS produced by NADPH oxidase. Compared with TLR4 signal activation alone, inhibition of lipid raft functionality following TLR4 activation significantly inhibited cervical cancer growth and HIF-1α expression levels, NADPH oxidase activity and ROS levels. Therefore, lipid rafts serve a role in the activation of TLR4 signaling and ROS content by altering NADPH oxidase activity. Compared with TLR4 signal activation alone (LPS group), inhibition of MyD88 and NF-κB signaling following TLR4 activation inhibited SiHa cell growth and reduced HIF-1α activity. Inhibition of NF-κB signaling did not exhibit the same effect as TLR4 signaling with respect to inhibition of SiHa cell growth and the reduction of HIF-1α activity. NADPH oxidase activity and ROS content decreased following inhibition of TLR4 signaling, but NADPH oxidase activity and ROS content were not significantly altered following inhibition of NF-κB signaling, compared with the LPS group. TLR4 binds LPS via auxiliary factors lymphocyte antigen 69 and CD14, and intracellularly transduces signals by activating downstream MyD88 signal transduction molecules, Figure 6 . The expression and co-localization of TLR4 and HIF-1α detected by immunofluorescence staining. Green, HIF-1α expression; red, TLR4 expression; blue, nuclei. LPS, lipopolysaccharide; si, small interfering RNA; TLR4, Toll-like receptor 4; MβCD, methyl-β-cyclodextrin; PDTC, ammonium pyrrolidinedithiocarbamate.
eventually leading to the activation of NF-κB signaling (47) . MyD88 is an upstream signal of NF-κB (48-50) which may be associated with the activation of NADPH oxidase activity independently of NF-κB signaling and may be used to measure the activity of TLR4. From the present results, it was demonstrated that NF-κB signaling may be involved in cervical cancer growth and may increase HIF-1α activity via other mechanisms, independently of NADPH oxidase.
Compared with inhibition of NF-κB signaling, inhibition of lipid raft functionality following TLR4 signaling activation by LPS significantly inhibited cervical cancer cell growth and reduced intracellular HIF-1α expression, NADPH oxidase activity and ROS levels. Therefore, based on the results of the present study, it may be hypothesized that TLR4 primarily increases NADPH oxidase activity via the lipid raft-associated pathway rather than the NF-κB signaling pathway and, subsequently, TLR4 is involved in the maintenance of the elevated expression of HIF-1α, which promotes cervical cancer. TLR4 and HIF-1α were immunofluorescently labeled in the present study and their cellular locations were identified. TLR4 was located on the cell surface, and HIF-1α was localized to the cytoplasm. TLR4 content was proportional the levels of HIF-1α. Inhibition of TLR4 signaling and lipid raft functionality inhibited HIF-1α expression, suggesting that TLR4 and lipid rafts aid in maintaining elevated HIF-1α activity in cervical cancer cells.
In conclusion, TLR4 signaling, lipid rafts and NF-κB signaling contribute to cervical cancer. TLR4 signaling may trigger ROS production by lipid rafts/NADPH oxidase-dependent mechanisms to maintain elevated HIF-1α expression. However, the results of the present study suggested that this may be a separate process from the activation of NF-κB, which is downstream of TLR4 signaling. Stimulation of TLR4 may increase HIF-1α expression, although this effect was more evidently promoted by the TLR4/lipid rafts/NADPH oxidase pathway compared with the TLR4-NF-κB signaling pathway. NF-κB signaling may promote cervical cancer through other mechanisms. The present study suggested a novel mechanism underlying elevated HIF-1α expression and tumor formation. In addition, TLR4 signaling pathway intervention may regulate the lipid raft/NADPH oxidase/ROS/HIF-1α signaling pathway and affect cancer. TLR4 signal transduction may be suppressed following inhibition of lipid raft function, and a TLR4 signaling pathway inhibitor or lipid raft interference may inhibit cancer growth and aid in the development of novel therapies for the treatment of cervical cancer.
